Mixed-layer theory is used to study the diurnal cycle of the stratocumulus-topped boundary layer and its susceptibility to perturbations in atmospheric aerosol concentration. Our results show that the diurnal evolution of cloud thickness is sensitive to the entrainment efficiency. For high entrainment efficiencies, the cloud base tends to descend at a faster rate than the cloud top; this difference in descent rates leads to cloud thickening during the daytime, which is inconsistent with observations. For low entrainment efficiencies, variations in cloud top height dominate in the cloud thickness evolution, while cloud base height remains almost constant; this behavior is in better agreement with available data. We explain these effects through a consideration of the equilibrium state of cloud boundaries and their adjustment timescales. Liquid-water path and cloud albedo are both sensitive to the entrainment efficiency; still, the susceptibility of cloud albedo to droplet number density dominates the entrainment effects. This result has significant implications for climate sensitivity studies: it suggests that estimates of aerosol indirect effects from stratocumulus clouds will not be particularly sensitive to the way entrainment is represented in large-scale models.
INTRODUCTION
Stratocumulus is a long-lasting low cloud type that covers a wide area and is usually observed in maritime environments, eastward and equatorward of high-pressure zones in the subtropics. This cloud type has a high albedo relative to the underlying ocean surface and hence plays an important role in modulating local meteorology and global climate.
The mixed-layer model (MLM) introduced by Lilly (1968) provides the theoretical framework upon which most of our understanding of the marine stratocumulus-topped boundary layer (STBL) is based. It has been implemented directly in a number of general circulation models (GCMs) (e.g., at UCLA and Colorado Sate University). An increasing number of climate models (e.g., UKMO, GFDL, NCAR-CAM) are either adopting, or experimenting with, parameterizations that attempt to mimic its behavior (Grenier and Bretherton, 2001; Lock, 2001 ) in certain regimes. Even so, this model has been called into question as unable to adequately represent several major aspects of the STBL diurnal cycle. Schubert (1976) (hereafter S76) showed that the diurnal cycle in the MLM tends to produce clouds that are thicker during the day and thinner at night than observed. Specifically, in Schubert's results the cloud base is shown to descend during the day at a rate somewhat greater than that of the cloud top. Observations have shown, however that the diurnal evolution of marine stratocumulus is characterized by an ascending cloud base, not a descending one. Although previous observations (Vernon, 1936; Hignett, ¤ 1991 ) may be questioned, given the varied influences of land (in the case of Vernon) or island effects (in the case of Hignett), recent ship-board observations taken in October 2001 in the southeastern Pacific during the East Pacific Investigation of Climate (EPIC) also show little evidence of the cloud base descending through the day (Bretherton et al., 2004) . Well away from land, the cloud base thus appears to be relatively constant in height throughout the diurnal cycle, with most of the variation being evident at cloud top.
This discrepancy between the MLM results and the observations has fueled the speculation that decoupling between the cloud layer and the surface plays an essential role in the dynamics of the STBL. According to this thought, solar heating during the daytime leads to the formation of a stable layer near the cloud base, which isolates the cloud layer from the moisture source at the surface and causes it to thin under the influence of entrainment (Turton and Nicholls,1987) . This idea, too, seems inconsistent with the EPIC data, wherein the observed boundary layers appeared to remain relatively well mixed throughout the diurnal cycle.
These difficulties in reconciling MLM results with observations might be related to the fact that the entrainment parameterization used by S76 tends to overestimate the entrainment rates at the top of stratocumulus clouds. Indeed, Schubert's parameterization of entrainment was formulated in a way which precludes the study of the relatively weak entrainment efficiencies that appear to be more representative of actual clouds (Lewellen and Lewellen, 1998, hereafter LL98; vanZanten et al., 1999; Stevens, 2002) . The study by Turton and Nicholls (1987) shows that the extent of decoupling is sensitive to the representation of the entrainment. Recent study by Duynkerke et al. (2004) also indicates that different entrainment rate may result in different evolution of stratocumulus liquid water path. All these suggest that the puzzling behavior of the MLM diurnal cycle might be an artifact of the entrainment parameterization employed. We shall see that the diurnal cycle does show marked sensitivity to entrainment efficiency, with more realistic entrainment rates leading to a more realistic diurnal cycle.
This finding in turn motivates the broader question of how sensitive stratocumulus variability is to the details of the entrainment parameterization. In addressing this question we focus not only on the diurnal cycle, but also on the susceptibility of stratocumulus albedo to perturbations in the ambient aerosol concentration.
Aerosols impact climate through their direct effect on the radiation balance. They also have an indirect effect on climate by affecting the formation, maintenance and dissipation of clouds. Twomey (1977) suggested that increased air pollution enhances cloud albedo; this is often called the first indirect effect. Previous studies have shown that, in addition to the Twomey effect, stratocumulus optical properties are sensitive to the character of the ambient aerosol concentration through the modification of the cloud macro-structure by droplet number density. This latter effect is referred to as the second indirect effect. Studies emphasizing this second effect (Albrecht, 1989; Boers and Mitchell, 1994; Pincus and Baker, 1994) have largely been based on a bulk parameterization of the STBL or an MLM frameworks. These estimates for microphysics-related cloud properties might also be influenced by what assumptions one makes about the entrainment rate.
To address these issues, we revisit the diurnal cycle of the STBL. The MLM we use is Stevens' (2002) version of Lilly's (1968) model; its present implementation incorporates time-varying forcing and is briefly described in Section 2. In Section 3, we introduce the entrainment parameterization based on the process partitioning used to explain the large-eddy simulation results of several groups (e.g. LL98; vanZanten et al., 1999) and compare this parameterization with the one of S76. In Section 4, the model results of STBL diurnal evolution, given a diurnally varying radiative driving, are presented and explained; these results confirm that entrainment parameterization may artificially affect STBL dynamics. Based on these results, we investigate in Section 5 the radiative properties of stratocumulus clouds, such as the susceptibility of the cloud albedo to droplet number density changes. Conclusions are drawn in Section 6.
MIXED-LAYER MODEL
The STBL is assumed to be well-mixed throughout its depth and possess horizontally homogeneous thermodynamic fields. Mixing is mainly driven by radiative cooling at the cloud top. For a given surface pressure, the state of this bulk layer is uniquely determined by its depth (also the height of the mixed layer and the cloud top), liquidwater static energy ¡ £ ¢ and total-water specific humidity ¤ ¦ ¥ implicitly, allowing one to solve for it given § . For § © , the minimum buoyancy flux is always non-positive. For quasi-steady states, given constant radiative driving, a negative buoyancy is most likely at cloud top or just below cloud base. Concerning the first location, we assume the radiative driving occurs in a very thin layer at the cloud top. As this radiative length scale becomes infinitesimally small, the non-positive buoyancy flux approaches zero. Whether ¡ £ ¢ ¤ is located at cloud top or not depends on how the radiative driving is specified; hence (8) determines 3 most robustly when ¡ £ ¢ ¤ is associated with the value of just below cloud base. Requiring to be negative in the subcloud layer is, however, a strong assumption since it is reasonable to assume that entrainment is sufficiently weak for to be positive everywhere in the STBL. Previous studies (Bretherton and Wyant, 1997; Stevens, 2000) have indeed shown that negative in the subcloud layer implies that other sources of TKE, such as strong surface buoyancy fluxes, are significant compared to radiative cooling. In our study, this situation is more likely to occur around noon, when infrared (IR) cooling is partially abated by solar heating. This quasi-equilibrium behavior of the STBL implies that, given variable radiative driving, the corresponding variation in 3 will also be exaggerated by S76. In the LL98 parameterization, the single control parameter is the entrainment efficiency
where is the buoyancy flux, and is its value if there is no entrainment. The limits of integration represent the surface (!© ) and the STBL depth (& ) respectively. The advantage of this parameterization is that varying between 0 and 1 samples the full range of entrainment efficiencies. This is in contrast to the S76 closure, wherein the variation of the entrainment parameter § in (8) between 0 and 1 samples only a range of entrainment efficiencies that corresponds roughly to
is not necessarily non-positive. Furthermore LL98 does not make any assumption on the net buoyancy flux profile. With (9), LL98 directly relates the consumption of TKE by entrainment to the production of TKE by other processes. Using the LL98 parameterization with
, Stevens et al. (2002) have produced reasonable model results compared with the observations from the first research flight (RF01) of the second field study on the DYnamics and Chemistry Of Marine Stratocumulus (DYCOMS-II, .
The model results produced by the S76 entrainment rule (8) 
STBL DIURNAL VARIATION
In modeling the diurnal cycle, we follow S76 and assume the STBL is nonprecipitating and evolves through a succession of quasi-steady states, as described by Stevens (2002) . Therefore in (4) and (5),
, the radiative driving. IR (also referred to as long-wave) cooling and solar (also referred to as short-wave) heating both occur in fact through certain finite-depth ranges in the cloud layer, but we assume here that the net radiative driving is located only at cloud top; using this assumption is consistent with the boundary projection method of Stevens (2002) . Diurnal variations in large-scale subsidence, as well as in ocean surface temperatures, may also affect the diurnal evolution of cloudiness, but we focus here only on the effect of the diurnal variation in the radiative driving. 
The cyclic pattern of the radiative driving is chosen, for reasons of consistency, to follow S76, with sunrise at 0500 LST and sunset at 1900 LST (see Fig. 1 ). Due to the combined effect of IR cooling and solar heating, . Prescribed largescale conditions are taken from DYCOMS-II and listed in Table 1 . 
To illustrate the sensitivity of the simulated STBL diurnal cycle to the entrainment efficiency, we investigate two cases: one with hours approximately. Such differences are found not only between these two specific cases, but across the full range of entrainment efficiencies. Clearly entrainment efficiency has a pronounced effect on the STBL's diurnal evolution. What causes these differences? The equilibrium solutions for , , and ! , also plotted in Fig. 2 : both show a pronounced minimum when radiative driving is at its minimum. This similarity implies that if the MLM were always in instantaneous equilibrium with its forcing, the diurnal cycle of ! would be relatively insensitive to the entrainment closure. Consequently, the differences in transient behavior, in which the phase of the STBL diurnal cycle shifts with entrainment efficiency, must result from differences in the adjustment processes.
To explore this idea, it is useful to introduce a simplified system of equations, in which the transient variations follow the changes in the equilibrium state of the STBL:
where subscript is indeed given by the sign of ( ), as would be expected if
were actually governed by (10). This adjustment causes to lag by several hours.
What controls the transient ? In our MLM, the cloud base height is diagnosed from the total specific humidity and the air temperature, which can be derived from the liquidwater static energy. Therefore adjusts to its equilibrium value ¦ , with a timescale that is determined by that of the thermodynamic quantities, To understand more clearly the STBL behavior in Fig. 2 and Fig. 3 , it is useful to ask how influences . To make the problem analytically tractable, we define a radiative entrainment efficiency :
where
. The value of depends, of course, on the entrainment rule and it is not constant in general. By investigating solutions at constant , we can, however, develop insight into how affects the equilibrium state. can be written as:
Here
represents the lower troposphere stability, which is relatively constant and positive, while the value of have counteracting influences on cloud base height. In the afternoon, solar heating begins to decrease and the evolution is reversed.
For different entrainment efficiencies, however, the diurnal evolution and effect of differs. In general, is larger for higher entrainment efficiencies and vice-versa. A diurnal evolution in is to be expected, given the differing degree to which Y à contributes to the TKE production throughout the course of the diurnal cycle, but we neglect this evolution for the moment. Overestimating entrainment produce a significant increase in the diurnal variation of the cloud base, especially in its lowering. This effect is also evident in Fig. 4 .
The LL98 rule generates a pronounced diurnal variation in , which we have neglected so far. To see what role this variation plays, we examine in two cases: from the radiative driving to TKE generation. Indeed the latter is the essential ingredient in the success of this parameterization. The ratio of the radiative contribution to TKE production to the total TKE generation thus evolves diurnally. Besides radiation, surface forcing also contributes to the TKE budget and hence to cloud-top entrainment. Surface forcing becomes comparable to radiative driving when g s . At such high -values, decoupling between the cloud layer and the surface may indeed occur (Bretherton and Wyant, 1997; Stevens, 2000) . In . Such behavior is consistent with the results of Turton and Nicholls (1987) , i.e., their Fig. 11 . To the extent that E s is a measure of decoupling, these results help quantify the extent to which decoupling processes should be accounted for to explain the observed diurnal cycle.
In the present section, we have focused on how the diurnal STBL cycle depends on the entrainment efficiency embodied by the LL98 parameterization. By choosing the efficiency sufficiently large, we were able to capture the essence of the behavior of the S76 entrainment rule. This particular rule was the source of misconceptions as to the utility of the MLM framework to study the diurnal cycle. A natural question is whether these results generalize to other entrainment parameterizations. They do. We have tested this assertion by repeating our analysis with the entire family of entrainment parameterizations evaluated by Stevens (2002) ; those parameterizations which entrain efficiently tend toward the behavior evident in the S76 results (or LL98 with large ), while those that entrain less efficiently tend more toward the behavior of LL98 with ¨ ! © ¦ © Small differences in detailed STBL behavior arise from the way in which the efficiencies of different parameterizations evolve through the day, but these differences do not affect the main result of this section.
SENSITIVITY OF CLOUD RADIATIVE PROPERTIES TO ENTRAINMENT EFFICIENCY
In the previous section, we have examined in some detail the influence of entrainment efficiency on the diurnal variation of the liquid-water path ! . This motivates us to ask if other important predictions of mixed-layer theory are also sensitive to entrainment efficiency.
In pristine maritime environments, small perturbations in aerosol concentrations can be reflected by changes in the number density of droplets. The influence of variations in on cloud albedo ¡ is measured by the susceptibility Twomey, 1991; Platnick and Twomey, 1994) . Studies have shown ¡ to be a strong function of ! (e.g. Stephens, 1978a) . From the previous section, the equilibrium value of ! , as well as its diurnal cycle, depend on . Thus it is clear that, in the absence of other processes, the entrainment efficiency will affect the climatology of cloud radiative properties. Although different aspects of the susceptibility have been studied in the past (Pincus and Baker, 1994; Platnick and Twomey, 1994; ) , it is interesting to revisit this question in light of the previous analysis. In other words, if one studies how cloud radiative properties depend on the aerosol concentration, how would one's results be affected by the model's entrainment parameterization?
A major component of ¢ is the well-known Twomey (1977) effect: given a constant ! , ¡ increases with because smaller drops tend to have a larger total reflectivity. The Twomey effect is also sometimes called the first indirect effect of aerosols on atmospheric radiation. This, however, is not the whole story. Boers and Mitchell (1994) proposed an absorption feedback whereby variations in may lead to changes in solar absorption and hence on STBL dynamics, which cause further feedbacks on the radiative properties. By modulating drizzle, variations in may also affect the hydrological cycle of low clouds, in terms of both the horizontal extent (Albrecht, 1989) and the vertical depth (Pincus and Baker, 1994) .
Besides the Twomey effect, varying thus influences ¡ indirectly through ! . These latter effects are often called cloud lifetime effects or the second indirect effect. The first and second indirect effects can be summarized as follows:
where subscript 
In the implementation of (18), we neglect the sub-cloud evaporation of drizzle for simplicity. This underestimates the true effect of precipitation.
To better represent radiative processes, we couple the MLM to the radiation code of Fu and Liou (1992) , which allows us to diagnose radiative fluxes at different vertical levels according to the vertical profiles of atmospheric characteristics such as temperature, humidity, ozone concentration and so on. The profiles inside the STBL are constructed from our MLM simulation results. Conditions between STBL top and km climatological values are used. By coupling the Fu-Liou code with the MLM, we are able to model the interactions between the diurnally varying cloud top radiative driving and the STBL dynamics.
The environmental conditions are the same as in Table Boers and Mitchell (1994) and the precipitation effect proposed by Pincus and Baker (1994) . An additional set of simulations has been performed therefore with the drizzle parameterization disabled: ¢ is obtained as before, but because no drizzle is present it contains only the absorption feedback component. The first finding from these experiments is that the absorption feedback component is negligible and never exceeds s © of the total ¢ . Because the precipitation effect component dominates in ¢ , in the following discussion, we speak interchangeably of ¢ and the precipitation effect of Pincus and Baker (1994) .
The results from interactive-radiation simulations are shown in Fig. 7 . In panel (a), ! increases with because from (18) more droplets lead to less precipitation, while it decreases with because stronger entrainment leads to more vigorous warming and drying of the STBL. Similar behavior is seen in panel (b) for cloud albedo because, for fixed , ¡ is a non-decreasing function of
For small values of , the drizzle flux is large so that most of the liquid water in the cloud is depleted and the variation in ! caused by more vigorous entrainment is damped. Thus for small , the water and heat budgets are both dominated by drying and warming due to the drizzle effect. For large , however, the drizzle flux is small and so the entrainment warming and drying plays a dramatic role in the heat and water budgets.
Although both (19) is the cloud optical depth. Equation (19) follows Stephens (1978b) 
Equation (21) implies that the effect of on ! increases as becomes larger. With the help of these expressions, it is straightforward to show that:
and hence that,
On the right-hand side of (23), the second factor is a strictly decreasing function of . The dependence of The analysis above, together with Fig. 9 , helps justify our explanation of Fig. 7 , namely that the susceptibility is relatively insensitive to the entrainment efficiency as long as the simulations permit cloudy solutions. The implication is that, while the choice of the entrainment closure for the MLM may lead to different estimates of liquid-water path and cloud albedo, the susceptibility of cloud albedo to aerosol concentration will not be greatly affected.
Although our purpose has been to investigate how estimates of susceptibility depend on one's entrainment closure, it is also interesting to compare the numerical values of susceptibility to previously published values. Such a comparison is facilitated by writing (23) as
where is equivalent to the radiative enhancement factor in Eq. (5) of Pincus and Baker (1994) for Pincus and Baker (1994) . These values are of comparable magnitude, which suggests that insights from those earlier studies are broadly applicable to studies based on modestly different representations of microphysical processes, as discerned from the DYCOMS-II data.
CONCLUSIONS
We examined the diurnal cycle of the stratocumulus-topped boundary layer (STBL) and the susceptibility of its cloud albedo to changes in droplet number density. Our study emphasized the sensitivity of the mixed-layer representation of the STBL to the model's entrainment efficiency . We find that the diurnal cycle is accurately modeled for weak entrainment efficiencies and that the susceptibility is rather insensitive to the entrainment efficiency.
The marked sensitivity of the diurnal cycle to is found to depend on the equilibrium heights of cloud boundaries for a prescribed diurnally varying radiative driving, as well as on the timescales at which these heights adjust to their equilibrium values. The adjustment timescale for cloud top height is determined primarily by large-scale processes, i.e., the large-scale subsidence; the timescale for cloud base is determined mainly by the turbulent processes responsible for the fluxes of heat and water. In typical circumstances, the former is much longer than the latter, i.e. roughly one week vs. one day (Schubert et al., 1979) .
In the case of high entrainment efficiencies, a pronounced diurnal variation is found in the instantaneous equilibria of both cloud boundaries. This behavior results in comparable differences, for both boundaries, between the results for cloud boundary height from a time-dependent MLM calculation and its equilibrium value. Because of the distinct adjustment timescales, however, the descent rate of the cloud top is less than the one of the cloud base, which leads to cloud thickness growing unrealistically during the daytime.
In the case of low entrainment efficiencies, a pronounced diurnal variation is found in the equilibrium height of cloud top but not in cloud base. Hence the descending behavior of the cloud top governs the daytime evolution of cloud thickness, irrespective of the adjustment timescales, which results in a much more realistic STBL diurnal cycle.
Having defined a radiative entrainment efficiency , we further explored how different entrainment efficiencies may influence the equilibria of the STBL. By examining , we found that only low entrainment efficiencies produce a diurnal variation in the contribution of the radiative driving to TKE generation; this turns out to be a key element in producing the right diurnal cycle of the cloud thickness.
In the susceptibility study, both the first and second indirect effects of aerosols on cloud albedo are pronounced and comparable in magnitude. The first of these (Twomey, 1977) is associated with variation in cloud albedo due to the change of droplet number density given constant liquid-water path ! . The second one (Albrecht, 1989; Boers and Mitchell, 1994; Pincus and Baker, 1994 ) is mediated by the effects of on liquidwater path ! . The precipitation process associated with drizzle (Pincus and Baker, 1994 ) dominates in the second indirect effect. Different entrainment efficiencies lead to different estimates of liquid-water path and cloud albedo; still, the susceptibility of cloud albedo to the changes in droplet number density is only weakly affected by these estimates. This result is important and has therefore been verified both by numerical simulation, using a fully interactive MLM-radiation model, and by an analytical derivation that relied on approximate, semiempirical fits to the simulation results. Our conclusions in this respect are encouraging for climate-sensitivity studies aimed at quantifying the susceptibility of stratocumulus albedo to perturbations in .
In summary, a better diurnal variation of cloud thickness can be produced by mixed-layer theory when using low entrainment efficiencies. The success of an MLM under these circumstances suggests that diurnal decoupling between the cloud layer and the surface may be less important than previously thought. The independence of total susceptibility ¢ with respect to entrainment efficiency is beneficial for climatesensitivity studies with perturbed aerosol concentrations, especially when models with uncertain entrainment physics are used to parameterize the STBL. These results should be of great interest to the climate modeling community, especially those have MLM as their boundary layer parameterization in the stratocumulus regime.
